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PINK1 and Parkin mediate mitophagy, the cellular
process that clears dysfunctional mitochondria.
Mitophagy is regulated by mitochondrial dynamics,
but the molecules linking these two processes
remain poorly understood. Here, we show that
Sam50, the core component of the sorting and as-
sembly machinery (SAM), is a critical regulator of
mitochondrial dynamics and PINK1-Parkin-mediated
mitophagy. In response to Sam50 depletion, normal
tubular mitochondria are first fragmented and subse-
quently merged into large spheres. Sam50 interacts
with PINK1 to facilitate its processing and degrada-
tion. Depletion of Sam50 results in PINK1 accumula-
tion, Parkin recruitment, and mitophagy. Interest-
ingly, Sam50 deficiency induces a piecemeal mode
of mitophagy that eliminates mitochondria ‘‘bit by
bit’’ but spares mtDNA. In C. elegans, the Sam50 ho-
molog gop-3 is required for the maintenance of mito-
chondrial morphology and mass. Our findings reveal
that Sam50 directly links mitochondrial dynamics
and mitophagy and that Sam50 depletion induces
elimination of mitochondria without affecting mtDNA
content.
INTRODUCTION
Mitochondria are highly dynamic organelles that play an impor-
tant role in cellular energy production and other related cellular
functions. Mitochondria continually divide and fuse to maintain
their normal shape and structure (Bereiter-Hahn and Vo¨th,
1994). The cytosolic protein Drp1 is essential for mitochondrial
fission and is recruited by the mitochondrial outer membrane
proteins Mff, Mid49, and Mid51 (Loso´n et al., 2013). Mitofusins
(Mfn1 and Mfn2) are required for mitochondrial outer membraneCel
This is an open access article under the CC BY-Nfusion, and OPA1, located in the inner membrane of mitochon-
dria, is essential for mitochondrial inner membrane fusion
(Song et al., 2009).Mitochondrial dynamics are crucial for normal
cellular functions, and abnormal mitochondrial shapes are highly
associated with some human diseases, including neurodegener-
ative diseases, cardiovascular diseases, and cancers (Mishra
and Chan, 2014).
Autophagy plays a key role in the clearance of damaged or
redundant mitochondria through a selective pathway called
‘‘mitophagy’’ (Youle and Narendra, 2011). PINK1 and Parkin
are mutated in autosomal recessive familial Parkinson’s dis-
ease and are key factors for mediating mitophagy (Nguyen
et al., 2016). PINK1 is normally imported into the mitochondrial
inner membrane via mitochondrial translocases (the translo-
case of the outer mitochondrial membrane [TOM] and the
translocase of the inner mitochondrial membrane [TIM] com-
plexes) and processed and degraded by mitochondrial prote-
ases, including the mitochondrial processing peptidase (MPP)
and presenilin-associated rhomboid-like protease (PARL).
Upon mitochondrial depolarization or stress, however, it is sta-
bilized and accumulates at the mitochondrial outer membrane
(Lazarou et al., 2015; Nguyen et al., 2016), where it can recruit
Parkin. Parkin, an E3 ligase, ubiquitinates mitochondrial pro-
teins to stimulate mitophagy (Lazarou et al., 2015). Depletion
of either PINK1 or Parkin, remarkably, blocks membrane depo-
larization-induced mitophagy (Koyano et al., 2014; Lazarou
et al., 2015).
Parkin-mediated mitophagy is linked to mitochondrial dy-
namics. Mitochondrial fission is important for mitophagy
because it generates mitochondrial particles small enough to
be engulfed by autophagosomes (Pryde et al., 2016). The
PINK1-Parkin pathway also plays an important role in mitochon-
drial dynamics. Some reports have demonstrated that the
PINK1-Parkin pathway is pro-fusion because PINK1 depletion
causes fragmented mitochondria, and overexpression of
PINK1 leads to long tubular mitochondria (Dagda et al., 2009;
Lutz et al., 2009). However, PINK1-Parkin could also increase
mitochondrial fission (Lutz et al., 2009; Pryde et al., 2016).l Reports 23, 2989–3005, June 5, 2018 ª 2018 The Author(s). 2989
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Therefore, the links between mitochondrial dynamics and the
PINK1-Parkin pathway remain poorly understood.
The sorting and assembly machinery (SAM) is critical for mem-
brane integration and assembly of b-barrel proteins (e.g., Tom40
and voltage-dependent anion channels [VDACs]) into the mito-
chondrial outer membrane (Wiedemann et al., 2003). The SAM
complex contains three main components: the channel-forming
protein Sam50 (Tob55) and two peripheral membrane proteins,
Sam35 and Sam37 (Metaxins 1 and 2 in humans). Conserved
from bacteria to eukaryotes, Sam50 directly interacts with the
TOM complex to facilitate the biogenesis of b-barrel proteins
(Qiu et al., 2013). Recently, it was reported that Sam50 interacts
with themitochondrial contact site and cristae organizing system
(MICOS) complex and is necessary for mitochondrial membrane
organization and assembly of respiratory complexes (Ding et al.,
2015; Mun˜oz-Go´mez et al., 2015; Ott et al., 2012). In this study,
we show that Sam50 plays a key role in mitochondrial quality
control by regulating mitochondrial dynamics and PINK1-Parkin
activity.
RESULTS
Sam50 Depletion Leads to a Dynamic Change of
Mitochondrial Morphology
We have previously reported that depletion of Mic60, a key sub-
unit of the MICOS complex, causes the formation of large spher-
ical mitochondria (LASMs) (Li et al., 2016). Because Sam50 is
a MICOS-interacting protein (Darshi et al., 2012; Ding et al.,
2015; Mun˜oz-Go´mez et al., 2015), we investigated whether
Sam50 can also regulate mitochondrial morphology. Two
Sam50-specific short hairpin RNAs (shRNAs) were constructed
for knockdown of Sam50 (Figures S1A and S1B; Table S1). Inter-
estingly, 87% of the HeLa cells displayed fragmented mitochon-
dria after 5 days of Sam50 knockdown (shSam50) (Figures 1A
and 1B); however, about 75% of the cells showed LASMs after
10 days of shSam50 (Figures 1A and 1B). We also assessed
mitochondrial morphology at 3, 4, 5, 6, 7, 8, 9, or 10 days of
shSam50. Confocal imaging revealed that HeLa cells started to
form LASMs after 7 days of shSam50 (Figures S1C and S1D).
Additionally, the normal mitochondrial morphology was mostly
rescued when exogenous Myc-Sam50 was expressed in
shSam50 cells (Figures 1C and S1E). To further investigate the
effect of Sam50 on mitochondrial morphology, we infected
Sam50flox/flox mouse embryonic fibroblasts (MEFs) with a retro-Figure 1. Sam50 Knockdown Leads to a Dynamic Change of Mitochon
(A) Mitochondrial morphology in control or Sam50 knockdown (5 or 10 days, r
visualized by confocal microscope. Boxes mark the enlarged images shown bel
(B) Mitochondrial morphology described in (A) was counted according to the crit
(C) HeLa cells expressingMyc-Sam50 (mouse Sam50) were infectedwith control o
confocal microscope and counted according to the criteria detailed in Experime
(D and E) Sam50flox/flox MEFs expressing mito-GFP were infected with control or
chondrial morphology was visualized by confocal microscopy (D). Quantification
(F) Mitochondrial morphology of control, Metaxin1 knockdown (shMTX1), or Met
(G) Control or shSam50HeLa cells were cultured continuously for 10 days, andmit
(red, anti-Tom20). The images were acquired with a super-resolution structured
(H) Mitochondrial ultrastructure in control or shSam50 (5 or 10 days) HeLa cells w
(I) The relative number of abnormal cristae (ratio of abnormal to total cristae) in c
Statistical significance was assessed by Student’s t test; error bars represent mvirus encoding control or Cre for Sam50 knockout. After
5 days of Sam50 knockout, MEFs showed largely fragmented
mitochondria (Figures 1D, 1E, and S1F), whereas most MEFs
displayed LASMs after 10 days of Sam50 knockout (Figures
1D and 1E). These results suggest that shSam50 results in dy-
namic mitochondrial deformations.
Sam35 and Sam37 are the two other components of the SAM
complex (Milenkovic et al., 2004; Wenz et al., 2015). Depletion of
Metaxin-1 (Sam35 homolog) or Metaxin-2 (Sam37 homolog) did
not affectmitochondrial morphology (Figures 1F, S1G, and S1H).
This result suggests that Sam50 directly regulates mitochondrial
morphology independent of the activity of the SAM complex.
Tom40 and VDAC1 are the substrates of the SAM complex.
Confocal imaging revealed that neither Tom40 nor VDAC1
knockdown (5 or 10 days) caused any abnormal mitochondrial
morphology (Figures S1I–S1M). These results suggest that the
abnormal mitochondrial morphology induced by shSam50
does not rely on these substrates of the SAM complex.
Super-resolutionmicroscopy with outermembrane andmatrix
markers showed that the LASM structures are individual mito-
chondria rather than an aggregation of smaller mitochondria
(Figures 1G and S1N). Transmission electron microscopy
(TEM) confirmed that shSam50 caused fragmented mitochon-
dria at 5 days and LASMs with abnormal cristae at 10 days (Fig-
ures 1H and 1I). Sam50 knockdown caused marked reductions
in Mic60, Mic19, and Mic10 (Figure S1O), which may account
for the abnormal cristae.
OPA1 Is Required for shSam50-Induced LASM
We examined the effect of shSam50 on key mitochondrial fusion
and fission regulators (Chan, 2012). After 5 days of shSam50 in
HeLa cells, the levels of mitochondrial fusion factors (Mfn1,
Mfn2, and OPA1) were decreased, with increased processing
of OPA1. The levels of the mitochondrial fission factors Drp1,
Mff, Mid49, Mid51, and Dynamin 2 (Lee et al., 2016) remained
unchanged (Figures 2A, S2A, and S2B). There was a moderate
increase of Drp1 at mitochondria but no effect on phosphoryla-
tion of Drp1 at Ser-616 and Ser-637 (Figures S2C–S2E). These
findings suggest that the fragmentation of mitochondria is due
to reduced mitochondrial fusion and increased mitochondrial
fission.
We therefore examined whether exogenous expression of
Mfn1 or Mfn2 could rescue mitochondrial morphology in
shSam50 (5 days) cells. FLAG-Mfn1 or Myc-Mfn2 expressiondrial Morphology
espectively) HeLa cells expressing mito-dsRed (a mitochondrial marker) was
ow.
eria detailed in Experimental Procedures.
r shSam50 lentiviral particles, andmitochondrial morphologywas visualized by
ntal Procedures.
Cre retroviral particles and then cultured for 5 or 10 days, respectively. Mito-
of Mitochondrial morphology was estimated by counting at least 100 cells (E).
axin2 knockdown (shMTX2) HeLa cells was counted.
ochondria in cells expressingmito-GFP (green) were immunostained for Tom20
illumination microscope. The arrows indicate large spherical mitochondria.
as analyzed by transmission electron microscope (TEM).
ontrol or shSam50 (5 or 10 days) was counted.
eans ± SD of three independent experiments; *p < 0.01 and **p < 0.001.
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Figure 2. OPA1 Is Required for the Formation of Larger Spherical Mitochondria
(A) Whole-cell lysates of control or shSam50 (5 or 10 days) HeLa cells were analyzed for indicated protein expression by immunoblot. Tubulin was used as a
loading control.
(B) Comparison of mitochondrial fusion and fission between control and shSam50 (5 or 10 days) HeLa cells. Ten photoactivated mitochondria labeled with mito-
PA-GFP were tracked by time-lapse microscopy for 20 min, and the number of mitochondrial fission and fusion events within 20 min was counted.
(legend continued on next page)
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caused an increase in short tubular mitochondria (Figures S2F–
S2H), indicating that mitochondrial fusion activity is partially
restored. In addition, after 10 days of shSam50, both fusion
and fission factors were remarkably decreased (Figure 2A). To
further determine the effect of shSam50 on mitochondrial dy-
namics, we used a photoactivatable GFP (PA-GFP) assay,
described in our previous reports (Li et al., 2016; Song et al.,
2009), to assess the activities of mitochondrial fusion and fission.
Mitochondrial fusion was decreased but mitochondrial fission
was increased after 5 days of shSam50 (Figure 2B). However,
both mitochondrial fusion and fission activities were significantly
attenuated in shSam50 (10 days) cells compared to control cells
(Figure 2B; Videos S1 and S2). These findings demonstrate that
shSam50 impairs mitochondrial dynamics.
LASMs were observed in aged and some diseased mammalian
cells (Kanzaki et al., 2010; Terman et al., 2004) and could also
be induced upon Drp1 depletion (Ban-Ishihara et al., 2013).
Because shSam50-induced fragmented mitochondria precede
LASMs (Figure 1A), we wondered whether LASMs result from
the fusion of small mitochondria. We used two knockdown pro-
cedures on HeLa cells to examine the formation of LASMs. In
one procedure, we knocked down OPA1, Mfn1, Mfn2, or Drp1
for 10 days, followed by knockdown of Sam50 for an additional
10 days (shOPA1/shSam50, etc.). In the other procedure, we
depleted Sam50 (10 days), followed by knockdown of other
proteins (shSam50/shOPA1, etc.). Compared with shSam50
alone, shMfn1/shSam50 or shMfn2/shSam50 led to a mod-
erate reduction of LASMs, and shOPA1/shSam50 resulted in
a drastic decrease of LASMs (Figures 2C–2E). However, the
amount of LASMs in shSam50/shMfn1, shSam50/shMfn2,
or shSam50/shOPA1 cells led to a slight reduction of LASMs
(Figures 2C–2E), suggesting that pre-formed LASMs are resis-
tant to fragmentation, probably because of their weak dynamics.
In particular, the number (63%) of shSam50/shOPA1 cells
containing LASMs was much greater than that the number
(34%) of shOPA1/shSam50 cells (Figure 2E), suggesting
that formation of shSam50-induced LASMs requires OPA1-
mediated mitochondrial fusion. Moreover, no LASMs were
observed in Mfn double knockout (DKO) or OPA1 knockout
(KO) MEFs after 10 days of shSam50 (Figures 2F, 2G, and S2I),
further confirming that LASMs resulted from the fusion of frag-
mented mitochondria. In addition, 17% of shDrp1 HeLa cells
were observed to display LASMs (Figure 2H). Furthermore,
compared with shSam50 cells, shDrp1/shSam50 (pre-shDrp1(C–E) Control, shOPA1, shMfn1, shMfn2, shDrp1, or shSam50 HeLa cells express
10 days. Mitochondrial morphology was analyzed by confocal microscopy. X rep
steady levels were measured by immunoblot analysis (D). The mitochondrial mo
(F and G) WT, Mfn-DKO, or OPA1-KO MEFs expressing mito-dsRed were infec
Mitochondrial morphology was analyzed by confocal microscopy (F) and quantifi
(H) Control, shDrp1, or shSam50 HeLa cells expressing mito-dsRed were furthe
chondrial morphology was quantified.
(I and J) The distribution and level of Drp1 (I) or Mff (J) protein in control or shSam5
analyzed by confocal microscopy.
(K) Control or shSam50 HeLa cells were fractionated into cytosolic and mitochond
(M) Quantification of the protein levels of Drp1 and Mff in the cytosol or mitocho
(N) Lysates of HEK293T cells expressing FLAG-tagged Sam50 were immunopre
immunoblot using the indicated antibodies.
Statistical significance was assessed by Student’s t test; error bars represent mfor the indicated time followed by shSam50 for the additional
indicated time) and shSam50/shDrp1 (pre-shSam50 followed
by shDrp1) cells showed a moderate reduction of LASMs (Fig-
ures 2C and 2H). This result is probably due to more elongated
mitochondria induced by Drp1 depletion (Figure 2H). Consis-
tently, immunostaining analysis and confocal imaging revealed
that shSam50 (10 days) led to a remarkable reduction of Drp1
(Figure 2I). Moreover, less Drp1was recruited to LASMs because
of a remarkable reduction of endogenous Mff and less mito-
chondrially localized Mff in shSam50 (10 days) cells (Figures
2A, 2J, 2K, and 2M). These results suggest that themitochondrial
fission activity of LASMs was severely impaired in shSam50
(10 days) cells.
To further explore the relationship between Sam50 and the
regulators of mitochondrial dynamics, we performed a co-immu-
noprecipitation assay and revealed that Sam50 physically inter-
acted with Mfn1, Mfn2, and Mff but not with Prohibitin2 (PHB2)
(Figure 2N). In addition, we examined the effect of Sam50 knock-
down on the self-interactions between Mfns, which mediate
mitochondrial tethering and are critical for mitochondrial outer
membrane fusion (Koshiba et al., 2004). After 5 days of
shSam50, the interaction between Mfn1 and Mfn2 or between
Mfn2 and Mfn2 was reduced (Figures S2J–S2M), suggesting
that mitochondrial fusion is impaired upon shSam50.
Therefore, the formation of LASMs by shSam50 is probably
due to the fusion of small mitochondria into large mitochondria.
When formed, the LASMs appear to be stable because of their
low fusion and fission activities.
Sam50 Depletion Promotes Autophagy Flux
Mitochondria are the main source of ATP and reactive oxygen
species (ROS) in mammalian cells. We found that shSam50
decreased ATP production and promoted adenosine 50-mono-
phosphate-activated protein kinase (AMPK) activity, character-
ized by increased phosphorylation of ULK1 (Figures S3A and
S3B). Increased AMPK activity could phosphorylate Mff
(Toyama et al., 2016) and, thus, may contribute to shSam50
(5 days)-induced mitochondrial fragmentation (Figures 1A and
1B). In addition, shSam50 (10 days) increased ROS levels (Fig-
ures S3C and S3D). Moreover, mitochondrial cristae, where
mitochondrial respiratory chain complexes are assembled,
were deformed in shSam50 mitochondria (Figures 1H and 1I).
These data reveal that shSam50 causes mitochondrial dysfunc-
tion. We then examined whether shSam50 affects cell growth,ing mito-dsRed were followed knocked down the indicated gene for additional
resents control, shOPA1, shMfn1, shMfn2, or shDrp1 (C). The indicated protein
rphology of cells described in (C) was counted (E).
ted with control or shSam50 lentiviral particles and then cultured for 10 days.
ed (G).
r infected with the indicated lentiviral particles for an additional 10 days. Mito-
0 HeLa cells were detected by immunostaining using Drp1 or Mff antibody and
rial fractions and then evaluated for the indicated proteins by immunoblotting.
ndria.
cipitated with anti-FLAG M2 resin, and the protein samples were subjected to
eans ± SD of three independent experiments; *p < 0.01 and **p < 0.001.
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Figure 3. Sam50 Depletion Promotes Auto-
phagy Flux and Induces Mitophagy
(A) Immunoblot analysis of control or shSam50
(5 days and 10 days) HeLa cells lysates using the
indicated antibodies.
(B and C) Control or shSam50 HeLa (B) and
HCT116 (C) cells were treated with DMSO or BAF
for 6 hr. Cell lysates were evaluated for indicated
protein expression by immunoblotting.
(D and E) Control or shSam50 HeLa cells stably
expressing GFP-LC3 were treated with DMSO or
BAF for 6 hr, and GFP-LC3 puncta were visualized
by confocalmicroscopy (D). GFP-LC3 punctawere
also counted according to different criteria (E). 100
HeLa cells were analyzed in each experiment.
(F and G) Sam50flox/flox MEFs were infected with
control or Cre retroviral particles and cultured for
10 days. Cell lysates were then assessed by
immunoblot with the indicated antibodies (F).
Protein levels were further analyzed by densitom-
etry analysis using ImageJ software (G).
(H) Lysates from control or shSam50 HeLa cells
expressing GFP-Parkin (10 days) were analyzed by
immunoblot using the indicated antibodies.
(I and J) Control or shSam50 HeLa cells expressing
GFP-Parkin were analyzed for the autophago-
some by TEM. The arrow indicates autophagic
vacuoles containing mitochondria (I). The mito-
chondria located within the autophagosome were
quantified (J).
Error bars represent means ± SD of three inde-
pendent experiments; *p < 0.01 and **p < 0.001
according to Student’s t test.the cell cycle, or cell death. shSam50 attenuated cell growth and
led to cell cycle arrest in G0/G1 phase but had no effect on cell
death (Figures S3E–S3H).
Dysfunctional mitochondria usually tend to be degraded by
autophagy, a process also termed mitophagy (Youle and Naren-
dra, 2011). Moreover, ROS can function as signaling molecules
to induce autophagy (Scherz-Shouval and Elazar, 2011), and
AMPK regulates autophagy by direct phosphorylation of ULK1
(Kim et al., 2011). Therefore, we investigated the influence of
shSam50 on autophagy flux. The two autophagy markers LC3
and p62 in shSam50 HeLa cells were assessed by immunoblot-
ting. During autophagy, p62 is degraded, and LC3-I converts to
LC3-II, which is a key component of autophagosomes. Inhibition
of autophagy flux blocks degradation of p62 and LC3-II and re-
sults in accumulation of p62 and LC3-II (Klionsky et al., 2012).2994 Cell Reports 23, 2989–3005, June 5, 2018Compared with control cells, shSam50
HeLa cells displayed increased LC3-II
and decreased p62 (Figure 3A), indicating
that shSam50 results in activation of
the autophagy pathway. To further inves-
tigate autophagic flux, bafilomycin A1
(BFA), an inhibitor of autophagy flux,
was used to treat shSam50 cells for 6 hr.
BFA treatment led to higher level of LC3-
II in shSam50 cells than in control cells
(Figures 3B and 3C), suggesting thatautophagy flux was increased in response to shSam50. To
further confirm the effect of shSam50 on autophagy flux, GFP-
LC3 puncta, which represent autophagosomes, were analyzed
by confocal microscopy in HeLa cells stably expressing GFP-
LC3. Compared with control cells, GFP-LC3 puncta were signif-
icantly increased in shSam50 cells with or without BFA treatment
(Figures 3D and 3E). Overall, these findings demonstrate that
shSam50 promotes autophagy flux.
Sam50 Depletion Induces Mitophagy
Mitophagy is critical for maintaining proper cellular functions
when mitochondria are damaged by some stresses (Ding
and Yin, 2012). Sam50 knockdown causes mitochondrial
dysfunction and increases autophagy flux (Figures S3 and
3A–3E). Therefore, we tested whether Sam50 knockdown
causes mitophagy. Immunoblotting revealed that the levels of
Tom20, Cox4, and Cox2 were significantly reduced in Sam50
KO (10 days) MEFs compared with control cells (Figures 3F
and 3G), indicating Sam50 depletion induces mitophagy or
inhibits mitochondrial biogenesis. We then evaluated mito-
chondrial biogenesis by immunoblot analysis of proliferator-
activated receptor-gamma coactivator-1a (PGC-1a). PGC-1a
was not altered in response to Sam50 KO (Figure 3F). In addi-
tion, shSam50 also induced the formation of LASMs and
reduced the level of Tom20, Cox4, and Cox2 in HeLa,
H1299, A549, and HCT116 cells (Figures 3H and S4A-S4F).
Moreover, by analysis of the mitochondrial ultrastructure
with TEM, about 14% of mitochondria were observed to be
located within autophagosomes in shSam50 (10 days) cells
expressing GFP-Parkin in contrast to control cells (Figures 3I
and 3J). Therefore, Sam50 depletion spontaneously induces
mitophagy.
Sam50 Depletion Directly Induces PINK1-Parkin-
Dependent Mitophagy
To clarify whether shSam50 induced-mitophagy is dependent on
the PINK1-Parkin pathway, we first tested whether PINK1 is
required for shSam50-induced mitophagy. We generated a
PINK1 KO HeLa cell line by CRISPR/Cas9 technology (Fig-
ure S5A). After 10 days of shSam50, PINK1 KO cells failed to
show a decrease in the protein levels of Tom20, Tom40, and
Cox4 (Figure 4A), an effect that was rescued by PINK1-GFP (Fig-
ure 4B). In addition, we observed that Cox2 was still dramatically
reduced in shSam50 (10 days) PINK1 KO cells (Figure 4A). This
effect may be due to the impaired mtDNA transcription by
shSam50 (Ott et al., 2012).
Next we evaluated the role of Parkin in shSam50-induced mi-
tophagy. shSam50-induced mitophagy was then measured in
Parkin/ MEFs. The reductions of Tom20, Tom40, Cox4, and
Cox2 by shSam50 were remarkably inhibited in Parkin/
MEFs and rescued by expression of FLAG-Parkin (Figures 4C
and 4D). These findings demonstrate that the PINK1-Parkin
pathway is required for shSam50-induced mitophagy.
Because the endogenous level of Parkin in HeLa cells is low
(undetectable), we exogenously expressed GFP-Parkin and
then measured the level of shSam50-induced mitophagy.
Upon overexpression of Parkin in HeLa cells, shSam50 led to
dramatically reduced levels of mitochondrial proteins (Figures
4E, 4F, and S5B), indicating that Parkin overexpression pro-
motes shSam50-induced mitophagy. However, the degrada-
tion of mitochondrial proteins induced by shSam50 plus
GFP-Parkin overexpression was clearly inhibited by shATG5
(ATG5 knockdown), shATG7 (ATG7 knockdown), BFA, or chlo-
roquine (CQ) treatment, which blocks autophagy (Figures 4E–
4J), further confirming that autophagy is involved in the
shSam50-induced reduction of mitochondrial proteins. Simi-
larly, shATG5, shATG7, or BFA treatment remarkably inhibited
shSam50-induced reduction of mitochondrial proteins in
HCT116 cells (Figures S4G–S4I). Parkin is an E3 ligase that is
translocated to mitochondria in a PINK1-dependent manner
and then ubiquitinates mitochondrial outer membrane proteins
to stimulate mitophagy (Lazarou et al., 2015; Narendra et al.,
2008). We found that the ubiquitination of mitochondrial outermembrane proteins, including Mfn2 and VDAC1, which are
substrates of Parkin, was increased in response to shSam50
(Figure 4K), indicating that Parkin is activated and mitophagy
is stimulated after shSam50. Moreover, we used mito-Keima,
a useful tool in assessment of single mitophagic events, to
further evaluate mitophagy. A remarkably increased intensity
of red fluorescence was detected in shSam50 mitochondria
(Figures 4L–4N), suggesting that mitophagy is stimulated after
shSam50. In addition, we analyzed the protein levels of other
organelles, including peroxisomes, endosomes, and the Golgi.
The level of EEA1 (endosomes’ protein), PMP70 (peroxisomes’
protein), and GM130 (the Golgi’s protein) remained unchanged
in shSam50 (10 days) cells (Figure 4O), suggesting that
shSam50 specifically induces mitophagy. These results further
support the idea that the reduction of mitochondrial proteins by
shSam50 is mostly due to mitophagy rather than inhibition of
mitochondrial biogenesis. Taken together, our findings demon-
strate that the PINK1-Parkin pathway is essential for shSam50-
induced mitophagy.
Because the SAM complex is involved in biogenesis of Tom40
and VDAC, we checked whether depletion of these SAM sub-
strates could induce mitophagy. However, we found no evi-
dence that reduced Tom40 (Figure S5C) or VDAC1 (Figure S5D)
could promote mitophagy. Similarly, depletion of Metaxin-1
(Sam35 homolog) or Metaxin-2 (Sam37 homolog) had no effect
(Figures S5E and S5F). In addition, knockdown of Mic60, which
is a Sam50-interacting protein, did not induce reduction of mito-
chondrial proteins (Figure S5G). Taken together, mitophagy
induced by Sam50 knockdown or KO seems to be directly asso-
ciatedwith Sam50 and not the secondary effect of impaired SAM
function.
Sam50 Is Involved in Mitochondrial Recruitment of
Parkin
Because Sam50 depletion induces PINK1-Parkin-dependent
mitophagy, we examined the role of Sam50 in Parkin recruitment
to mitochondria. GFP-Parkin displayed cytoplasmic localization
in wild-type and shSam50-treated HeLa cells at 5 days (Figures
5A and 5B). At 10 days, however, about 15% of shSam50-
treated cells showed GFP-Parkin translocation to a subset of
mitochondria (Figures 5A and 5B). We observed 2 modes of
GFP-Parkin translocation. In the first, GFP-Parkin localization
is limited to a bud arising out of LASMs (bit by bit mode,
mode 1) (Figure 5A). In the second, GFP-Parkin foci encircle an
entire mitochondrion (mode 2) (Figure 5A). Moreover, confocal
imaging revealed that BFA treatment significantly increased
mitochondrial GFP-Parkin foci, including modes 1 and 2, in
shSam50 cells (Figures 5A–5C). Thus, our data indicate that
Sam50 depletion induces Parkin recruitment to mitochondria.
Additionally, Tom40 depletion has no effect on mitochondrial
recruitment of Parkin (Figure S5H), suggesting that shSam50-
induced mitochondrial recruitment of Parkin is independent of
the TOM complex.
Activation of Parkin leads to the ubiquitination of several
mitochondrial outer membrane proteins that recruit autophagy
receptors, including p62/SQSTM and OPTN. These autophagy
receptors then link LC3 to promote autophagosome formation
(Geisler et al., 2010; Lazarou et al., 2015; Okatsu et al., 2010).Cell Reports 23, 2989–3005, June 5, 2018 2995
Figure 4. shSam50-Induced Mitophagy Is Dependent on the PINK1-Parkin Pathway
(A and B) WT and PINK1 KO HeLa cells (A) or PINK1 KO HeLa cells expressing PINK1-GFP (B) were infected with control or shSam50 lentiviral particles and then
cultured for 5 or 10 days. Cell lysates were then subjected to immunoblot using the indicated antibodies.
(C and D) WT and Parkin knockout (KO) MEFs (C) and Parkin KOMEFs expressing FLAG-Parkin (D) were infected with control or shSam50 lentiviral particles and
then cultured for 5 or 10 days. Then the indicated protein levels were determined by immunoblotting.
(legend continued on next page)
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Therefore, we examined the localization of p62, OPTN, and LC3
in shSam50 cells. p62 was recruited to shSam50 mitochondria
withmodes similar toGFP-Parkin but not to control mitochondria
(Figure 5D). OPTN and LC3 occasionally colocalized with mito-
chondria in shSam50 (10 days) cells (Figures 5E and 5F). In addi-
tion, lysosomes, marked with LAMP1, were colocalized or con-
tacted with some shSam50 mitochondria but not control
mitochondria (Figure 5G). Wong et al. (2018) recently reported
that mitochondrion-lysosome contacts regulate mitochondrial
fission, so shSam50may also promote mitochondrion-lysosome
contacts to regulate mitochondrial fission. Interestingly,
shSam50 (10 days) resulted in upregulation of LAMP1 (Fig-
ure 5H), further suggesting that autophagy is promoted in
shSam50 cells. These results further confirm that shSam50 re-
sults in mitochondrial recruitment of Parkin and its downstream
effects.
We next examined the effect of Sam50 overexpression on
mitochondrial recruitment of Parkin. After Carbonyl cyanide
3-chlorophenylhydrazone (CCCP) or oligomycin and antimycin-
A (OA) treatment, about 77% (CCCP treatment) and 71% (OA
treatment) of cells displayed GFP-Parkin co-localizing with mito-
chondria (Figures 5I and 5J). However, exogenous expression of
FLAG-Sam50 dramatically inhibited the mitochondrial recruit-
ment of GFP-Parkin in CCCP- or OA-treated cells (Figures 5I
and 5J). We also found that the exogenous expression of
FLAG-Sam50 mitigated the reduction of mitochondrial proteins
in GFP-Parkin cells treated with CCCP (Figure 5K). Therefore,
Parkin-mediated mitophagy is critically dependent on the levels
of Sam50.
Mode 1 of Parkin foci in shSam50 mitochondria is reminiscent
of mitochondrially derived vesicles (MDVs). MDVs are able to
traffic damaged mitochondrial proteins to lysosomes for degra-
dation, and this process relies on Syntaxin 17 and PINK1-Parkin
(McLelland et al., 2016; Soubannier et al., 2012). Syntaxin 17
knockdown did not block shSam50-induced degradation of
mitochondrial proteins (Figure 5L), suggesting that the MDV
pathway is not involved.(E and F) Control or shATG5 HeLa cells expressing GFP-Parkin were infected w
lysates were then assessed by immunoblot using the indicated antibodies (E). R
(G and H) HeLa cells expressing GFP-Parkin with or without an shATG7 backgrou
for 10 days. Cell lysates were evaluated by immunoblot analysis as indicated (G
analysis (H).
(I and J) Control or shSam50 HeLa cells expressing GFP-Parkin were culture
(CQ) treatment for 72 hr and then processed for immunoblot analysis (I). Relative
software (J).
(K) Control or shSam50 HeLa cells with GFP-Parkin expression were cultured for
were measured by immunoblot analysis as indicated.
(L) HeLa cells expressing FLAG-Parkin and mito-Keima were infected with contro
imaged with 458 nm (measuring mitochondria with a neutral pH) and 561 nm (me
Keima can be used to differentially label mitochondria localized in the cytoplasm
Keima-derived fluorescence (561 nm/458 nm), originating from low-pH compartm
plus 4 mM antimycin-A)-treated cells were used as a positive control. Cell lysates
(M) Quantification of the relative ratio of fluorescence intensity (561 nm/458 nm)
(N) FACS-based mito-Keima assay dot plots of control, shSam50-, and OA-treate
emission of mito-Keima at pH 4.0 (lysosome). The x axis indicates mito-Keima at
indicated.
(O) Lysates from control or shSam50 HeLa cells cultured for 5 or 10 days were me
Golgi by immunoblotting using the indicated antibodies.
Error bars represent means ± SD of three independent experiments; *p < 0.01, *Sam50 Physically Interacts with PINK1 and Regulates
Its Stability
Accumulation of PINK1 precursors on the mitochondrial outer
membrane is essential for Parkin recruitment and activation (Jin
and Youle, 2012; Nguyen et al., 2016). Consistent with this
idea, we found that shSam50 (10 days) caused a dramatic in-
crease of PINK1 on mitochondria (Figures 6A–6D), suggesting
that shSam50 inhibits the processing and degradation of
PINK1. To exclude the possibility of an indirect effect of Sam50
depletion, we investigated the effect of Sam50 knockdown
(5 days), which does not affect the protein level of Tom40 (Fig-
ure 4A), on PINK1 stability. Unlike shSam50 (10 days), shSam50
(5 days) could not spontaneously induce an increase of PINK1
protein, but shSam50 (5 days) led to an obviously increased level
of PINK1 upon CCCP treatment (Figures 6E–6G). In addition,
Sam50 overexpression reduced stabilization of exogenous
PINK1-GFP or endogenous PINK1 by CCCP treatment (Figures
6H–6K). These data demonstrate that the level of Sam50 has a
strong effect on PINK1 stabilization.
To investigate how Sam50 is involved in PINK1 stability, we
performed co-immunoprecipitation to examine whether Sam50
interacts with PINK1. Upon DMSO or CCCP treatment, PINK1-
GFP was precipitated by FLAG-Sam50-tagged beads but not
control beads (Figure 6L), suggesting that Sam50 physically in-
teracts with PINK1 in both normal and depolarizedmitochondria.
Sam50 Knockdown-Induced PINK1 Accumulation Is
Independent of Mitochondrial Membrane Potential,
Mitochondrial Proteases, the TOM Complex, and
Mitochondrial Unfolded Protein Response
Because PINK1 is stabilized at the mitochondrial outer mem-
brane by membrane depolarization, we investigated whether
shSam50 causes mitochondrial membrane depolarization.
Mitochondrial membrane potential (Dcm) was analyzed by Tet-
ramethylrhodamine methyl ester (TMRM) staining and fluores-
cence-activated cell sorting (FACS) analysis. After 10 days of
shSam50, the Dcm of HeLa, HCT116, and A549 cells remainedith control or shSam50 lentiviral particles and then cultured for 10 days. Cell
elative protein levels were further evaluated by densitometry analysis (F).
nd were infected with control or shSam50 lentiviral particles and then cultured
). Also shown is quantification of the relative protein levels by densitometry
d for 6 days and then with or without 200 nM BFA or 50 mM chloroquine
protein levels were further evaluated by densitometry analysis using ImageJ
7 days and then with or without 5 mM MG132 treatment for 24 hr. Cell lysates
l or shSam50 lentiviral particles and then cultured for 10 days. Cells were then
asuring mitochondria with an acidic pH) laser excitation for mito-Keima. mito-
ic (458 nm) and lysosomal (561 nm) compartments. Thus, a high ratio of mito-
ents (i.e., mitochondria within lysosomes) appears red. OA (10 mM oligomycin
were then subjected to immunoblot using the indicated antibodies.
of the cells described in (L).
d HeLa cells expressing FLAG-Parkin. The y axis represents the fluorescence
pH 7.0 (mitochondria). The percentages of cells within the different regions are
asured for the level of proteins localized at endosomes, peroxisomes, and the
*p < 0.001, and ***p < 0.0001 according to Student’s t test.
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unchanged (Figures S5I–S5L). We also investigated the effect of
Sam50 on the mitochondrial proteases (MPP and PARL) associ-
ated with PINK1 processing (Jin and Youle, 2012; Nguyen et al.,
2016). After 5 days of shSam50, the levels of MPPb (a subunit of
MPP) and PARLwere unchanged (Figures 6M and 6N). However,
after 10 days of shSam50, the levels of MPPb and PARL were
decreased (Figure 6M and 6N), consistent with our findings
that shSam50 (10 days) induces mitophagy. Interestingly, cleav-
age of PGAM5 was promoted in shSam50 (5 or 10 days) cells
(Figure 6M), indicating that the activity of PARL is promoted.
However, PINK1 accumulated in shSam50 (10 days) mitochon-
dria (Figures 6A–6D), suggesting that the effect of shSam50 on
PINK1 stability is independent of mitochondrial proteases.
The TOM complex is required for the import of PINK1 to mito-
chondria. Tom40, the key component of the TOM complex, is the
substrate of the SAM complex (Lazarou et al., 2012; Wiedemann
et al., 2003). Therefore, Sam50 knockdown supposedly impairs
the integrity of theTOMcomplexand inhibitsPINK1 import tomito-
chondria, andPINK1shouldnot localizeatmitochondria.However,
PINK1 accumulated in mitochondria upon Sam50 deficiency (Fig-
ures 6A–6D). In addition,Metaxin-1 andMetaxin-2 knockdowndid
not affect PINK1-GFP stability (Figures 6O and 6P). These results
indicate that the PINK1 accumulation induced by Sam50 knock-
down is independent of the TOMcomplex.Wealso found noeffect
of VDAC1 depletion on PINK1 stability (Figure 6Q).
We investigated whether shSam50 results in mitochondrial
unfolded protein response (mtUPR). In response to Sam50
knockdown, the mitochondrial proteases Lon, caseinolytic mito-
chondrial matrix peptidase proteolytic subunit (CLPP), and
Afg3L2 and the mitochondrial chaperone protein HSP60 were
not increased (Figure 6R), arguing against mtUPR induction.
Sam50 Knockdown-Induced Mitochondrial
Fragmentation Depends on Drp1 but Not PINK1-Parkin
Mitochondrial fission is an important step during mitophagy and
regulates mitochondrial segregation and clearance by auto-Figure 5. Sam50 Is Involved in Mitochondrial Recruitment of Parkin
(A) Control or shSam50 HeLa cells stably expressing GFP-Parkin were treated wi
Localization of GFP-Parkin was visualized by confocal microscopy. Boxes mark
chondrial localization of GFP-Parkin.
(B) Quantification of the percentage of cells described in (A) with Parkin focus re
(C) Two modes of Parkin foci in the cells described in (A) were quantified.
(D) Control or shSam50 HeLa cells were fixed and immunostained with anti-cyt
visualized by confocal microscopy.
(E) Control or shSam50HeLa cells were analyzed by immunostaining using anti-Cy
confocal microscopy.
(F) Control or shSam50HeLa cells expressing GFP-LC3were fixed and immunosta
by confocal microscopy.
(G) Control or shSam50 HeLa cells were fixed and immunostained for HSP60 an
(H) Lysates from control or shSam50 HeLa cells cultured for 10 days were asses
(I) HeLa cells with GFP-Parkin expression were transfected with control or FLAG-S
for Tom20 (anti-Tom20 antibody) and FLAG-Sam50 (anti-FLAG antibody) and an
(J) Quantification of Parkin subcellular localization. After treatment with DMSO,
FLAG-Sam50 cDNA were immunostained for TOM20 and FLAG-Sam50. The su
(K) HeLa cells expressing GFP-Parkin were transfected with control or FLAG-Sam
then subjected to immunoblot analysis using the indicated antibodies.
(L) HeLa cells expressing GFP-Parkin with or without a Syntaxin17 knockdown b
cultured for 10 days. Cells lysates were analyzed by immunoblotting using the in
Error bars represent means ± SD of three independent experiments; *p < 0.01 aphagy (Pryde et al., 2016), increased fission, or decreased
fusion-induced mitochondrial fragmentation to ensure that the
damaged mitochondria are sufficiently small to be engulfed by
autophagosomes. The PINK1-Parkin system is highly involved
in mitochondrial dynamics (Chen and Dorn, 2013; Jin and Youle,
2012; Pryde et al., 2016). Thus, we asked whether shSam50-
induced fragmentation is due to PINK1-Parkin activation. We
knocked down Sam50 and evaluated mitochondrial morphology
in PINK1 KO HeLa cells or Parkin KO MEFs. A large number of
shSam50 (5 days) PINK1 KO cells or Parkin KO MEFs showed
fragmented mitochondria (Figures S6A–S6D), demonstrating
that shSam50-induced mitochondrial fragmentation is indepen-
dent of the PINK1-Parkin system and occurs before PINK1-Par-
kin activation.
We found that shSam50-inducedmitochondrial fragmentation
was blocked in the absence of Drp1 (Figure S6E–S6G). More-
over, similar levels of Tom20, Cox4, and Cox2 were observed
in both control and shDrp1 cells (Figure S6H); in contrast, shDrp1
significantly inhibited the degradation of Tom20, Cox4, andCox2
in shSam50 (10 days) cells (Figure S6H), indicating that Drp1
depletion blocks shSam50-induced mitophagy by inhibiting
mitochondrial fragmentation. Thus, our findings demonstrated
that Drp1-mediated mitochondrial fission is required for
shSam50-induced mitophagy.
mtDNA Is Maintained during shSam50-Induced
Mitophagy
We previously reported that Mic60 knockdown induced LASMs
that contained clusteredmtDNAnucleoids (Li et al., 2016). There-
fore, we exploredwhether shSam50 resulted in the accumulation
of mtDNA nucleoids. Control or shSam50 HeLa cells were immu-
nostained with anti-DNA or anti-SSBP1 antibody or stained with
SYBR Green I and visualized by confocal microscope for evalu-
ating mtDNA nucleoids. Cells treated with shSam50 exhibited
abnormally enlarged nucleoids located within LASMs (Figures
7A, 7B, and S7A–S7C). In addition, immunostaining revealedth or without BFA for 24 hr and then immunostained with anti-HSP60 antibody.
the enlarged images shown below. The arrows indicate two modes of mito-
cruitment to mitochondria.
ochrome c (Cyto c) and anti-p62 antibodies. The localization of p62 was then
to c and anti-OPTN antibodies. The localization of OPTNwas then visualized by
inedwith anti-Tom20 antibody. The localization of GFP-LC3was then analyzed
d LAMP1 and then analyzed by confocal microscopy.
sed by immunoblot analysis with the indicated antibodies.
am50 cDNA and treated with CCCP (10 mM) for 2 hr. Cells were immunostained
alyzed by confocal microscope.
CCCP, or OA, GFP-Parkin-expressing HeLa cells transfected with control or
bcellular localization of GFP-Parkin was scored by confocal microscopy.
50 cDNA and treated with DMSO or CCCP (10 mM) for 6 hr. Cell lysates were
ackground were infected with control or shSam50 lentiviral particles and then
dicated antibodies.
nd **p < 0.001 according to Student’s t test.
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that the level of TFAM (mitochondrial transcription factor A),
which binds to mtDNA and functions in mtDNA replication and
repair, was not altered in shSam50 (10 days) cells (Figure 7C).
Moreover, immunoblot analysis showed that, upon shSam50
(10 days), Twinkle (the mtDNA helicase) and Prohibitin 2 (PHB2)
were reduced because of mitophagy, but TFAM and POLG
(mtDNA polymerase g) remained unchanged (Figure 7D).
Because the level of TFAM is an indicator of mtDNA content (Lu
et al., 2013), out data indicate that mtDNAs are not eliminated
in shSam50 cells, although mitophagy was induced.
To further confirm that shSam50-induced mitophagy does not
cause clearance of mtDNA, we performed qPCR to quantitate
mtDNA. In response to shSam50, the copy number of mtDNA
remained unchanged (Figures 7E and 7F). Therefore, we hypoth-
esized that the formation of LASM inhibits mtDNA clearance by
mitophagy. To test our hypothesis, Sam50 was knocked down
in143Band143B rho0 (absenceofmtDNA) cells. UponshSam50,
LASMswere induced in wild-type (WT) 143B but not in 143B rho0
cells (Figures 7G and 7H), suggesting that mtDNA and its pack-
aged proteins are highly associatedwith the formation of LASMs.
Importantly, in response to shSam50, 143B rho0 cells displayed
lower levels of mitochondrial proteins than 143B cells (Figure 7I),
suggesting that mitochondria without mtDNA are sensitive to
elimination in shSam50 cells. It should be noted that Cox2 and
TFAMwerenotdetectedbecauseof the lossofmtDNA (Figure7I).
Taken together, Sam50 depletion selectively induces clearance
of mitochondria without mtDNA, and shSam50-induced LASM
contributes to protecting mtDNA from mitophagy.
Loss of the Sam50 Homolog GOP-3 Affects
Mitochondrial Morphology and Mitochondrial Mass in
C. elegans
To further investigate the role of Sam50 in mitochondrial dy-
namics and mitophagy in vivo, we used heat shock-inducedFigure 6. Sam50 Physically Interacts with PINK1 and Regulates Its Sta
(A and B) PINK1-GFP-expressing HeLa cells were infected with control or shSam
for Tom20, and the level of PINK1-GFP was analyzed by confocal microscopy (A)
(C) The endogenous PINK1 level of control or shSam50 (10 days) HeLa cells was
(D) The cells described in (A) were fractionated into cytosolic and mitochondrial
(E and F) HeLa cells expressing PINK1-GFP were infected with control or shSam
45min, and then immunostained for Tom20. The level of PINK1-GFP was analyze
the indicated antibodies (F).
(G) Control or shSam50 HeLa cells were cultured for 5 days and then treated
immunoblot analysis.
(H and I) PINK1-GFP-expressing HeLa cells were transfected with control or F
immunostained for TOM20 and FLAG-Sam50, and the level of PINK1-GFP was
centage of cells described in (H) according to the fluorescence intensity (I). n = 3
(J) HeLa cells expressing PINK1-GFP were transfected with either control or FLA
lysates were subjected to immunoblot using the indicated antibodies.
(K) HeLa cells were transfected with either control or FLAG-Sam50 cDNA, treat
fractions, and then evaluated by immunoblot analysis using anti-PINK1, anti-FLA
(L) HEK293T cells were transfected with PINK1-GFP or PINK1-GFP plus FLAG-S
lysates were then immunoprecipitated with anti-FLAG M2 affinity gel, followed b
(M) Immunoblot analysis of control or shSam50 (5 or 10 days) HeLa cell lysates
(N) Lysates of control or shSam50 PARL KO HCT116 cells expressing PARL-FLA
(O–Q) HeLa cells stably expressing PINK1-GFP were infected with control, shMe
subjected to immunoblot using the indicated antibodies.
(R) Lysates of control or shSam50 (5 or 10 days) HeLa cells expressing GFP-Par
Error bars represent means ± SD of three independent experiments; **p < 0.001CRISPR/Cas9-mediated mutagenesis (Shen et al., 2014) to
deplete the Sam50 homolog gop-3 in C. elegans. Compared
with WT animals, about 38% of gop-3 mutants displayed a
strong growth defect (Figures S7D and S7E). We used a mito-
mCherry marker to examine mitochondria in C. elegans by
confocal microscopy. WT animals contained a large number of
tubular or short tubular mitochondria, whereas gop-3mutant an-
imals showed about 76% fragmented mitochondria and 14%
LASMs (Figures S7F and S7G). Moreover, the mitochondrial
mass in gop-3 mutants was dramatically less than that in the
WT (Figures S7F and S7H), which is consistent with the reduced
mitochondrial content we observed in mammalian cells. In addi-
tion, no significant change of mtDNA content was found in gop-3
mutants (Figure S7I). These results suggest that loss of gop-3 af-
fects mitochondrial morphology and mass in C. elegans, consis-
tent with our findings in Sam50 knockdown mammalian cells.
DISCUSSION
Mitochondrial dynamics are highly associated with the clearance
of damagedmitochondria. Here we showed that Sam50 plays an
important role in both processes. Sam50 depletion resulted in
fragmented mitochondria, followed by LASMs at later stages.
Loss of Sam50 promoted autophagy flux and spontaneously
induced PINK1-Parkin-mediated mitophagy by regulating
PINK1 stability. Moreover, the mitochondrial clearance induced
by Sam50 depletion appears to be selective. Although mito-
chondrial mass was decreased by Sam50 depletion, the level
of mtDNA was unaffected. These findings demonstrate that
Sam50 is a keymolecule with functions in bothmitochondrial dy-
namics and mitophagy.
Most cellular systems for inducing PINK1-Parkin-mediated
mitophagy rely on two key elements: high overexpression of
exogenous Parkin and dissipation of Dcm by drug treatmentbility
50 lentiviral particles and cultured for 10 days. Cells were then immunostained
. Cell lysates were subjected to immunoblot using the indicated antibodies (B).
measured by immunoblot analysis.
fractions and then evaluated by immunoblot analysis as indicated.
50 lentiviral particles and cultured for 5 days, treated with CCCP (10 mM) for
d by confocal microscopy (E). Cell lysates were subjected to immunoblot using
with CCCP (10 mM) for 1 hr. The endogenous PINK1 level was evaluated by
LAG-Sam50 cDNA and treated with CCCP (10 mM) for 2 hr. Cells were then
analyzed by confocal microscopy (H). Also shown is quantification of the per-
(100 cells per independent experiment); **p < 0.001.
G-Sam50 cDNA and then treated with DMSO or CCCP (10 mM) for 2 hr. Cell
ed with CCCP (10 mM) for 2 hr, fractionated into cytosolic and mitochondrial
G, anti-HSP60, or anti-tubulin antibody.
am50 plasmids. Cells were treated with DMSO or CCCP (10 mM, 0.5 hr). Cell
y immunoblotting using the indicated antibodies.
using the indicated antibodies.
G were measured by immunoblotting using the indicated antibodies.
taxin1 (O), shMetaxin2 (P), or shVDAC1 (Q) for 10 days, and cell lysates were
kin were analyzed for the indicated protein expression by immunoblotting.
according to a Student’s t test.
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Figure 7. mtDNAs Accumulate in Large Spherical Mitochondria to Resist Mitophagy
(A) Control or shSam50 HeLa cells were fixed and immunostained with anti-HSP60 and anti-DNA antibodies. Mitochondria and mtDNA were then visualized by
confocal microscopy.
(B) Quantification of the numbers and diameters of mtDNA nucleoids in the cells described in (A). The average number of mtDNA nucleoids per cell and average
diameters of nucleoids are shown. 30 random cells were selected for quantification.
(C) Control or shSam50 HeLa cells stably expressing mito-GFP were immunostained with anti-TFAM antibody. Mitochondria and mtDNA nucleoids were
visualized by confocal microscopy.
(D) Cell lysates from control or shSam50 HeLa cells were subjected to immunoblot using the indicated antibodies.
(E and F)mtDNA or nuclear DNA (nDNA) contents in control or shSam50HeLa cells were assessed by semiquantitative PCR analysis (E). RelativemtDNA contents
were quantified and normalized to nDNA (F).
(G and H) Control and shSam50 (5 and 10 days, respectively) 143B or 143B rho0 (without mtDNA) cells were immunostained with anti-Cyto c antibody. Mito-
chondrial morphology was visualized by confocal microscopy (G) and then counted according to the criteria detailed in Experimental Procedures (H).
(I) Control or shSam50 143B or 143B rho0 cells were analyzed by immunoblotting using the indicated antibodies.
The data represent the means ± SD of three independent experiments. N.S., not significant. Statistical significance was assessed by Student’s t test; *p < 0.01.
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(CCCP or OA treatment) (Lazarou et al., 2015; Pryde et al., 2016).
In this study, we discovered that shSam50 is able to induce
mitophagy without impairing Dcm. Sam50 depletion results in
several forces to drive mitophagy: mitochondrial damage—
removal of Sam50, besides impairing biogenesis of b-barrel pro-
teins (Qiu et al., 2013), results in abnormal mitochondrial cristae,
decreased ATP production, and increased ROS levels (Figures
1H, S3A, S3C, and S3D); activated PINK1-Parkin—PINK1 was
stabilized and accumulated on the mitochondrial outer mem-
brane, and Parkin was recruited to mitochondria with twomodes
upon Sam50 depletion (Figures 5A and 6A–6D); smaller mito-
chondria—Sam50 depletion caused fragmented mitochondria
(Figures 1A, 1B, 1D, and 1E), whose small size allowed engulf-
ment by autophagosomes; and increased autophagy flux (Fig-
ures 3A–3E). When autophagy flux was inhibited by depletion
of ATG5 or ATG7, shSam50-induced mitophagy was dramati-
cally blocked (Figures 4E–4H). These data demonstrate that
Sam50 is a key factor in protecting mitochondria from clearance
by mitophagy.
The DNA in mitochondria is critical for mitochondrial functions
and is packaged by mtDNA-interacting proteins to form DNA-
protein nucleoids (Gilkerson et al., 2013). Mitochondrial
nucleoids normally divide and uniformly distribute in normal
mitochondria but are clustered upon Drp1 or Mic60 depletion
in mammalian cells (Ban-Ishihara et al., 2013; Li et al., 2016).
We found that mitochondrial nucleoids were clustered in the
LASMs of shSam50 cells (Figures 7A, 7C, and S7); this is prob-
ably due to the reduction of MICOS and Drp1, which are associ-
ated with mtDNA distribution. Although extensive mitophagy
was induced in shSam50 cells, mtDNA copy number was un-
changed (Figures 7E and 7F). However, the mtDNA-encoded
protein Cox2 was significantly decreased in shSam50 cells, sug-
gesting that clustered mtDNA transcription activity is impaired in
LASMs, consistent with our previous report showing that aggre-
gated mitochondrial nucleoids results in reduced mtDNA tran-
scription (Li et al., 2016). These data suggest that the clustered
nucleoids in LASMs are protected from elimination even in the
presence of mitophagy.
Mitochondrial dynamics are highly associated with PINK1-
Parkin-mediated mitophagy (Chen and Dorn, 2013; Jin and
Youle, 2012). Increased mitochondrial fission or decreased
fusion facilitates mitophagy, and increased fusion or less fission
inhibits mitophagy (Pryde et al., 2016). However, the molecular
linkers between PINK1-Parkin-mediated mitophagy and mito-
chondrial dynamics are not well known. Sam50 binds to PINK1
and mitochondrial dynamics factors, including Mfn1, Mfn2, and
Mff (Figures 2N and 6L), and, importantly, Sam50 depletion leads
to a dynamic change of mitochondrial shape and, dramatically,
PINK1-Parkin-mediated mitophagy (Figures 1A–1E and 4A–
4H). These findings demonstrate that Sam50 is a key molecule
linkingmitochondrial dynamics andmitochondrial quality control
and that Sam50 is a determinant for the inhibition of PINK1-Par-
kin-mediated mitochondrial clearance. Interestingly, we found
that shSam50 treatment causes mitochondrial degradation
without affecting mtDNA content (Figures 7D–7I).
PINK1 import into mitochondria is the critical factor that regu-
lates activation of Parkin-mediated mitophagy (Jin and Youle,
2012; Nguyen et al., 2016). Here we provide evidence thatSam50 interacts with PINK1 and promotes PINK1 processing
and degradation (Figures 6H–6L). Importantly, Sam50 knock-
down stabilizes PINK1 on the mitochondrial outer membrane
without reducing Dcm and spontaneously initiates subsequent
PINK1-Parkin-mediated mitophagy (Figures 3F–3J, 4A–4D, 6A–
6D, and S5I–S5L). Conversely, overexpression of Sam50 sup-
presses PINK1 stabilization, mitochondrial recruitment of Parkin,
and PINK1-Parkin-mediated mitophagy (Figures 5I–5K, and 6H–
6K). Our findings identify Sam50 as a novel important regulator of
the PINK1-Parkin system. Sam50 is a core component of the
SAM complex, which forms a supercomplex with the TOM com-
plex to coordinate the import of b-barrel membrane proteins (Qiu
et al., 2013). In this study, PINK1 processing and degradation
were impaired in Sam50 knockdown cells (Figures 6A–6D), indi-
cating that the SAM complex cooperates with the TOM complex
to regulate the import of PINK1. In future work, it will be important
to examine in more detail how the TOM and SAM complexes
cooperate in the import of PINK1.
Interestingly, Parkin recruited to mitochondria with 2 modes
after 10 days of shSam50 (Figures 5A–5C). In mode 1 (bit by
bit mode), Parkin is recruited to subdomains of LASMs in
shSam50 cells (Figure 5A). Recently, Burman et al. (2017) re-
ported a similar mode of Parkin recruitment. In response to accu-
mulated misfolded proteins, Parkin is recruited to mitochondrial
subdomains to remove pieces of mitochondria (Burman et al.,
2017). In our study, shSam50 leads to mitochondrial dysfunc-
tion, including decreased ATP production, increased ROS levels,
and abnormal mitochondrial cristae (Figures 1H, S3A, and S3C)
but did not induce accumulation of misfolded proteins. In addi-
tion, shSam50 treatment causes mitochondrial fragmentation,
which allows most mitochondria to be degraded by a second
mode (small mitochondria entirely surrounded by Parkin) (Fig-
ures 5A–5C).
The expression of Parkin is low in most cell lines, so we over-
expressed Parkin in HeLa cells for further analysis of mitophagy.
Interestingly, shSam50 also induces slight mitophagy in some
cell lines, including HCT116, A549, H1299, andHeLa cells, which
contain low or little expression of Parkin. Our data are consistent
with previous findings that PINK1 is able to recruit OPTN and
NDP52 to promote mitophagy in the absence of Parkin and
that Parkin acts an amplifier of the PINK1-generated mitophagy
signal (Lazarou et al., 2015). Indeed, PINK1 was clearly activated
in shSam50 cells (Figure 6A–6G).
In conclusion, we propose a model for Sam50 depletion-
induced mitophagy. Upon Sam50 knockdown, mitochondria
first divide into small fragments that eventually fused to form
LASMs with clustered mitochondria. Parkin is recruited to these
mitochondria to mediate a form of mitophagy that spares
mtDNA.
EXPERIMENTAL PROCEDURES
Immunostaining
Cells grown on coverslips were fixed with 4% paraformaldehyde for 15 min,
permeabilized with 0.1% Triton X-100 in PBS for 15 min, and blocked with
5% fetal bovine serum (FBS) in PBS for 2 hr at room temperature. Cells
were then incubated with primary antibody for 1–2 hr at room temperature, fol-
lowed by secondary antibodies for 1hr at room temperature. Finally, cells were
mounted and visualized by confocal microscopy.Cell Reports 23, 2989–3005, June 5, 2018 3003
Confocal Microscopy and Image Processing
Fixed or living cells were visualized by confocal microscopy with a Leica sp8
microscope with a 633 numerical aperture [NA] 1.35 oil objective. To deter-
mine mitochondrial morphology, 100 cells were randomly selected for quanti-
tative analysis and visually scored into four classifications (tubular, short
tubular, fragmented, and large spherical).
Statistical Methods
The data are presented as mean ± SD. Student’s t test was used to calculate p
values. Statistical significance is displayed as *p < 0.01, **p < 0.001, and ***p <
0.0001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, one table, and two videos and can be found with this article on-
line at https://doi.org/10.1016/j.celrep.2018.05.015.
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